A novel strategy to design a highly birefringent and low loss oligoporous-core THz photonic crystal fiber (PCF) by introducing a single circular air-hole unit into the core area has been revealed. The circular air-hole units can be diversely designed as dual-hole, triple-hole, or other simple anisotropic structures. The characteristics, including birefringence, effective material loss, power fraction, confinement loss, and dispersion, are numerically analyzed in detail based on the full-vector finite element method (FEM). Simulation results show that birefringence up to the order of 3 × 10 −2 and low effective material loss down to 20-40% of its bulk material loss could be achieved in a wide frequency range. The newly proposed THz PCF facilitates the fabrication process due to their simple structures with all circular air-holes and may find wide applications in sensing or polarization maintaining transmission systems.
Introduction
Over the past decade, there has been an increasing interest in terahertz (THz) waves, generally defined in the frequency range of 0.1-10 THz, due to its enormous applications such as sensing, imaging, communications, security, and spectroscopy [1] , and tremendous progress has been made in the area of THz wave generation [2] and detection techniques [3] . However, there is still a lack of low loss, flexible, and commercially available THz waveguides as almost all present materials are highly absorbent in this frequency band. In recent years, various types of THz waveguides have been addressed theoretically or experimentally based on metal wires [4] , parallel plate waveguides [5] , dielectric tubes [6] , and polymer fibers [7] . Among them, polymer photonics crystal fiber (PCF) is particularly appealing for its versatile design and offering the possibility of inducing high birefringence for polarization maintaining THz guiding, sensing, or filtering application.
The birefringence of PCF is usually one or two order of magnitude larger than that of the conventional polarization maintaining fiber by introducing anisotropic air-hole structure into the fiber core or cladding. For example, in 2008, Han and coworkers fabricated solid-core THz plastic PCF that exhibits birefringence of 2.1 × 10 −2 by using high density polyethylene tubes and solid filaments [8] . Next, a novel type of triangular lattice terahertz PCF with birefringence up to 10 −2 in a wide frequency range of 0.1-5 THz was proposed [9] . However, the solid-core PCF shows undesirable high material absorption loss that almost equal to its bulk material absorption loss. Therefore, many efforts have been devoted into the field of porous fiber with air-cladding [10] , [11] . So far, several investigations on porous THz fiber with birefringence of the order 10 −2 based on near-tie unit [12] , super-cell structure [13] , elliptical [14] , or rectangular [15] air-holes have been reported. Though the porous fiber exhibits low absorption loss in THz range, the mode extends considerably into the surrounding air cladding, and most of the power is propagated outside the waveguide, restricting the practical application.
To overcome this weakness, porous-core PCFs with a porous core surrounded by an air-holes cladding have been proposed [16] - [18] . In 2015, a slotted porous-core design that exhibits ultrahigh modal birefringence of 7.5 × 10 −2 at an operating frequency of 1 THz was presented by Islam and coworkers [19] . This work demonstrate that high birefringence and low effective materials loss can be simultaneously achieved for porous-core PCF, but it is rather challenging to implement these hybrid designs in the present fabrication processes. Later, the same research group proposed a novel kind of highly birefringent porous-core PCF by introducing asymmetry in both the porouscore and the porous-cladding of the structure [20] , the design reduces fabrication difficulties due to only circular air-holes have been used [21] . The latest report by Hasanuzzaman and coworkers presented that multiple asymmetric sub-wavelength dual-hole units can be introduced into the fiber core for attaining high birefringence [22] .
As part of our continuous interest in THz quantum cascade laser (QCL) [23] and flexible THz waveguides, herein we describe a novel and simple strategy to design THz PCF by introducing a single anisotropic circular air-hole unit into the core area, which simultaneously offering high birefringence and low effective material loss. The circular air-hole units in the fiber core can be designed as dual-hole, triple-hole or other anisotropic structures with a couple of circular airholes, which were named oligoporous-core. The proposed THz oligoporous-core PCF facilitates the fabrication process to a great extent because of avoiding the troublesome multiple sub-wavelength air-holes which usually exist in the previously reported porous-core PCFs. To the best of our knowledge, this type of oligoporous-core PCF with a single air-hole unit in the fiber core has not been involved in the THz fiber.
Geometry of Proposed Design
The geometry of the proposed THz oligoporous-core PCF is shown in Fig. 1 . Topas COC with a constant refractive index of 1.52 and bulk material absorption loss a mat = 1 cm −1 in the frequency range of 2-4 THz is considered as background material [24] , [25] . The fiber structure can be seen as a conventional triangular lattice PCF with addition of air-hole pair in the core area. Unless otherwise specified, five air-hole rings in the fiber cladding are considered for all simulations, and the diameter of air-holes is d and the spacing between adjacent air-holes is . The special feature of the fiber design is the oligoporous-core that there are two circular air-holes in the fiber core, and the diameter and spacing of the circular air-holes are denoted as d c and c , respectively. The design of anisotropic oligoporous-core is the key point to destroy the isotropy of the fiber structure in realizing the high birefringence and obtain low material absorption loss. In this paper, the dual-hole unit in the core that is placed on the x-axis (C-I) and y-axis (C-II) are both presented. Additionally, dual-hole unit has been demonstrated to be seen as an elliptical air-hole [26] , thus two other PCFs (E-I, E-II) with big elliptical air-hole in core region are also proposed for comparison. The major axis of the elliptical air-hole is denoted as a and the minor axis is b. A full-vector finite element method (FEM) combined with perfectly matched layers boundary condition is adopted to analyze the properties of the proposed PCFs. 
Analysis and Discussion
In the analysis, the parameters of proposed THz oligoporous-core PCFs are supposed to be To examine the performance of the proposed THz PCFs, the birefringence property is first analyzed. The mode birefringence B is defined as the difference of the real parts of the effective indices for the two fundamental orthogonal polarization modes and can be expressed as [14] 
where n x eff and n y eff are the real part of the effective indices of the x and y-polarized modes, respectively. Over the frequency from 2 to 4 THz, all of the four proposed THz PCFs show high birefringence at a level of 10 −2 and the birefringence increases with the increments of frequency as illustrated in Fig. 2 . For example, high birefringence over 3 × 10 −2 is obtained at 3.2 THz for the fiber C-I. It should be noted that, the values of the birefringence are comparable for the proposed PCFs that the air-hole unit in core is placed along the x-axis (C-I) or y-axis (C-II). The results revealed that the direction of the dual-hole unit has a little effect on the birefringence in our interested frequency. Though the previous literatures have revealed that high birefringence and flat dispersion can be achieved by adding a small size elliptical air-hole in the core [27] , [28] , the strategy of introducing a big elliptical air-hole in the core area to provide high birefringence and low effective material loss has never been reported. The fundamental electric field properties of C-I and E-I for both the x-and y-polarized mode at 3 THz are given in Fig. 3 , where it is observed that the mode field is well confined in the anisotropic core and a great deal of power is localized in the dual-hole unit or elliptical air-hole.
The size of the air-holes in the core determines the core porosity, which will greatly influence the transmission properties [17] . In consideration of the fabrication process, the all circular air-holes THz PCF (C-I) with 40% core porosity and a reduced core porosity value of 30% correspond to a reduced diameter d c = 27.6 um, c = 29 um were selected to analyze the birefringence and other properties in detail. Fig. 4 shows the birefringence of the two PCFs in the frequency range of 2-4 THz, it is observed that the fiber with larger core porosity (big air-hole diameter) provides higher birefringence.
The effective material loss is one of the most important properties of THz fibers and can be expressed as [29] a eff =
where n mat is the refractive index of the Topas COC, E is the modal electric field, a mat is the bulk material absorption loss of Topas COC, S z is the z-component of the Poynting vector, and ε 0 and μ 0 are the permittivity and permeability of free space, respectively. The effective material loss of the proposed THz PCF is illustrated in Fig. 5 , where it is observed that the effective material loss of C-I with 40% core porosity is much lower than that of C-I with 30% core porosity. This is due to the fact that less amount of material is interacted with the THz waves for the fiber with high core porosity. These results indicated that the high core porosity is beneficial to provide high birefringence and low effective material loss simultaneously for the single dual-hole unit core. Since more mode field extends to the extremely high porous cladding area at low frequency range, the effective material loss increases with the increments of frequency, which is similar to those have been well documented [20] , [22] . Also, the y-polarized mode shows lower loss than the x-polarized mode due to less power propagates through the highly absorptive background material for y-polarized mode as shown in Fig. 3 [20] .
The fraction of mode power that is located within each region can be defined as the following equation [10] :
where x is considered as one of three regions among air-holes, background material, and air out of the fiber cladding. A ∞ and A x are the infinite and region x cross-sections, respectively. As is shown in Fig. 6 , the maximum power fraction in air-holes is achieved for the y-polarized mode of C-I with 40% core porosity and the power fraction in air-holes decreases with the increment of frequency. The results indicated that more power should be confined in the air-holes for obtaining low effective material loss, which is clearly shown in Fig. 5 and 6 . Confinement loss is an important feature, which characterizing the ability of restricting THz wave for the proposed PCFs. The confinement loss (Lc) of PCFs can be calculated by the following expression [30] :
where Im(n eff ) represents the imaginary part of the effective refractive index. Confinement loss of both polarizations for the proposed THz PCFs with five-ring of air-holes in the cladding is shown in Fig. 7 . It is observed that the confinement loss decreases with the increment of frequency, and the confinement loss of the y-polarized mode is slightly larger than that of the x-polarized mode. In the Fig. 8 . Waveguide dispersion for the proposed THz PCFs (C-I 40% core porosity, C-I 30% core porosity).
frequency of 3 THz, the highest confinement loss of 0.01 dB/m is obtained by the y-polarized mode of C-I (40% core porosity), and it is tolerable for the THz functional applications at present stage. Dispersion is another important feature for the THz PCFs, low value of dispersion and dispersion flattened profile are very important for THz wave transmission. Only the waveguide dispersion was considered here, due to the negligible material dispersion of the Topas COC in our interested frequency range. The waveguide dispersion can be expressed by [31] 
where n eff is the effective index of the fundamental mode, angular center frequency ω = 2πf , and f is the frequency. Fig. 8 shows the dispersion curves of the proposed THz PCFs. It can be seen that low value of dispersion within 0.2 − 1 ps/THz/cm is obtained in a wide frequency range of 2.5-4 THz, which would be beneficial for efficient transmission of broadband THz wave.
Subsequently, to further demonstrate the effective and diverse of this novel strategy for designing low loss and highly birefringent THz PCFs, two another PCFs were exhibited. As shown in Fig. 9 (a, d) , the core region of C-III contains three air-holes in same size with diameter d 1 , and the spacing between the adjacent air-holes is 1 . For the C-IV, two larger air-holes are placed on the x-axis and another two slightly smaller air-holes on the y-axis, which forming an anisotropic core area. The air-hole diameters and the spacing between the adjacent air-holes are d 2 , d 3 and 2 , 3 , respectively. The fundamental electric field properties of C-III and C-IV at 3 THz are also given in Fig. 9 , where it is observed that a great deal of mode power is tightly confined in the core air-holes, especially for the C-IV.
The birefringence of the C-III and C-IV is depicted in Fig. 10 . In the frequency range of 2-4 THz, The birefringence value of C-IV is around 0.01, which is lower than that of C-I with dual-hole unit along the x-axis. This phenomenon may be explained by the fact that the anisotropy is decreased when another two air-holes are placed on the y-axis in the core region, thus reducing the birefringence of the fiber. High birefringence over 3 × 10 −2 is obtained at 3 THz for the fiber C-III, which is comparable with C-I.
The effective material loss of the proposed C-III and C-IV is illustrated in Fig. 11 , it can be seen that the low effective material loss down to 20%-40% of its bulk material loss is obtained for C-IV, due to high core porosity of 65%. It is obvious that the effective material loss of C-III with low core porosity of 30% is higher than that of C-IV. The results revealed that the birefringence and effective material loss of the proposed oligoporous-core THz PCF depend on asymmetry and porosity of the fiber core, which is controllable by the versatile designing of the circular air-hole units in the core. Next, we calculated the single-mode guiding condition [32] , which is determined by V-parameter expressed by
where r is radius of the THz PCF, f is the operating frequency, and c is the speed of light in vacuum. n co is the refractive index of the PCF core and regarded as the effective refractive index (n eff ). The value of n cl , which represents the refractive index of the PCF cladding, is assumed as 1 because of the extremely high porosity of the fiber cladding [33] . As shown in Fig. 12 , the proposed C-I and C-IV can operate in single-mode guiding condition over the frequency range of 2-4 THz. And the C-III maintains single-mode property at the time of frequency is lower than 3.8 THz.
The possibility for the fabrication is the key issue for designing of THz PCF. Recently, the technology for polymer PCF fabrication has been greatly improved and several kinds of fibers have been successfully realized [34] - [36] . Considering the simple structure and only circular air-holes have been used in this study, we believe that the proposed THz PCFs can be fabricated without complications by using the drilling and drawing method or stacking method.
Conclusion
To summarize, a novel strategy to design highly birefringent and low loss oligoporous-core THz PCFs by introducing a single circular air-hole unit into the core area has been revealed. The circular air-hole units can be diversely designed as dual-hole, triple-hole or other anisotropic structures. The relatively simple structure facilitates the fabrication process to a great extent because of avoiding the troublesome multiple sub-wavelength air-holes in the fiber core. Simulation results show that birefringence up to the order of 3 × 10 −2 and low effective material loss down to 20%-40% of its bulk material loss could be achieved in a broad frequency range. The new proposed THz PCF may found wide applications in sensing or polarization maintaining transmission systems. Moreover, this strategy is believed to be applicable to the designing of other low loss polarization-maintaining fibers, such as IR-fiber.
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